A new high-spin isomer in the neutron-rich nucleus 128 Cd was populated in the projectile fission of a 238 U beam at the Radioactive Isotope Beam Factory at RIKEN. A half-life of T 1/2 = 6.3(8) ms was measured for the new state which was tentatively assigned a spin/parity of (15 − ). The experimental results are compared to shell model calculations performed using state-of-the-art realistic effective interactions and to the neighbouring nucleus 129 Cd. In the present experiment no evidence was found for the decay of a 18 + E6 spin-trap isomer, based on the complete alignment of the two-neutron and two-proton holes in the 0h 11/2 and the 0g 9/2 orbit, respectively, which is predicted to exist by the shell model.
The regions in the nuclear chart around doubly-magic nuclei such as 100 Sn and 132 Sn offer a rich testing ground for the study of isomeric states of different types. Seniority isomers are observed due to the properties of the isovector pairing interaction which lead to a decreasing energy spacing between the excited states formed by the successive alignment of two identical nucleons occupying the same orbital. As a consequence the fully aligned state of such a two-nucleon configuration is often longlived due to the small transition energy for the electromagnetic decay. Examples of such seniority isomers with half-lives in the μs range are the 8 + states in the semi-magic two-proton hole nuclei 98 Cd 50 and 130 Cd 82 [1, 2] . An analogous isomer based on the fullyaligned ν(0h
11/2 ), 10 + neutron configuration is observed in the semi-magic two-neutron hole nucleus 130 Sn [3] . Another type of isomer frequently observed in the regions around 100 Sn and 132 Sn are spin-gap isomers. In these cases the decay to states at lower excitation energy requires a large change in nuclear spin and therefore the emission of γ rays with high multipolarity. In cases of large hindrances a decay mediated by the weak interaction, i.e. β decay, is favoured as compared to the electromagnetic decay. Examples are low-lying β-decaying states in odd nuclei around the doubly-magic Sn cores due to the closely lying 0g 9/2 -1p 1/2 proton and 1d 3/2 -0h 11/2 neutron single-particle orbitals which would require electromagnetic decays with a multipolarity of M4. Another example of a spin-gap isomer has recently been reported in the two-proton hole and two-neutron hole nucleus 96 Cd [4, 5] . The observed β-decaying state with a half-life of T 1/2 = 0.45
−0.04 s was interpreted as being based on the configuration in which the two neutron holes and the two proton holes, all occupying the 0g 9/2 orbit, couple to the maximum possible spin of I = 16 The ions of interest were separated from other reaction products and identified on an ion-by-ion basis by the BigRIPS in-flight separator [8] . The particle identification was performed using the E-TOF-Bρ method in which the energy loss ( E), time of flight (TOF) and magnetic rigidity (Bρ) are measured and used to determine the atomic number, Z , and the mass-to-charge ratio, A/q, of the fragments. Details about the identification procedure can be found in Ref. [9] . In total about 6 × 10 [12] from the former EUROBALL spectrometer [13] were arranged in a close geometry around the WAS3ABi detector.
In a first step, spectra of γ rays observed in prompt coincidence with the first decay event after the implantation of a 128 Cd ion in WAS3ABi were studied applying different time windows between the implantation and the decay as well as different conditions with respect to the spatial correlation. No new γ transitions were observed besides the ones already known to occur following the decay of the ground state of 128 Cd [14] . Furthermore, during the analysis of the time distribution of the decay events with respect to the implantation, both with and without requiring a coincidence with one of the observed γ rays in the daughter nucleus, no indication for the existence of a second β-decaying state besides the ground state (T 1/2 = 245(5) respectively 246.2(21) ms [15, 16] ) was obtained. To search for a γ -decaying isomer with a half-life in the ms range we followed the procedure already successfully applied in the identification of a (21/2 + ), T 1/2 = 3.6(2) ms isomer in 129 Cd [7] . Fig. 1 shows the spectrum of γ rays detected in the Ge detectors in the time interval of −4 μs < (t γ − t decay ) < 20 μs with respect to the first decay event after the implantation of a 128 Cd ion. Only decay events registered during the first 20 ms after the implantation were considered and furthermore they had to fulfil the condition that energy was deposited exclusively in the Si detector in which the ion was implanted. This condition was shown in Ref. [7] to significantly suppress the β-decay events and enhance those in which the emission of conversion electrons occurs. energy was deposited exclusively in the Si detector in which the ion was implanted with an upper limit of 360 keV. Lines labelled with an asterisk correspond to known transitions in 128 In populated in the β decay of 128 Cd [14] . The inset shows the low-energy region with the strictest condition that energy was deposited exclusively in the implantation pixel.
In addition, an upper limit of 360 keV for the energy deposited in the Si detector was applied. Inspection of this spectrum shows that the γ rays with energies of 68, 248, 463, 857, and 925 keV, which are known [14] to be emitted following the β decay of 128 Cd to 128 In, are still present. However, the strongest lines at energies of 69 (part of the doublet), 238, 440, 538, 646, and 785 keV correspond to the γ rays which form the main decay sequence of the known (10 + ) isomeric state at an excitation energy of 2714 keV in 128 Cd which has a half-life of T 1/2 = 3.56(6) μs [6] . This halflife in the microsecond range is much too short to allow for the observation of these γ rays following a direct population of this state since the dead time after each implantation amounts to one to two milliseconds. It can therefore be concluded that the (10 + ) state must be populated from a new isomeric state with a half-life of at least a couple of milliseconds. In Fig. 1 four additional transitions with energies of 203, 309, 1060, and 1263 keV are clearly visible. It can be assumed that these transitions are involved in the decay of the new isomeric state to the known (10 + ) microsecond isomer. The inset of Fig. 1 shows the low-energy region of the spectrum applying the additional condition that in the decay event energy was released exclusively in the pixel of the Si detector in which the ion was implanted before. This condition is the strictest one which can be applied in order to reduce contaminations and is used to demonstrate that no additional low-energy transitions can be unequivocally assigned to the decay of the new isomeric state in 128 Cd.
To determine the half-life of the new isomer the distribution of the time differences between the ion implantation, t ion , and the detection of the decay, t decay , was examined for all those decays, in which one of the γ rays with energies of 203, 238, 309, 440, 538, 646, 785, 1060, and 1263 keV was detected in the Ge array in the time range −4 μs < (t γ − t decay ) < 20 μs with respect to the decay.
Such a wide time window rather than a prompt coincidence had to be considered due to the μs half-life of the (10 + ) state (T 1/2 = 3.56(6) μs). The summed time difference distribution (t decay − t ion ) is shown in Fig. 2a) . A fit to the experimental points assuming a single exponential decay results in a half-life of T 1/2 = 6.3(8) ms.
In the next step, the Si energy spectrum observed in coincidence with the detection of one of the above listed γ rays was constructed for all decay events which occurred in the first 20 ms after the ion implantation. Again a time range of −4 μs < (t γ − t decay ) < 20 μs was considered for the γ rays. The resulting . Additional weak decay branches reported in [6] are omitted for simplicity.
spectrum, which is displayed in Fig. 2b ), reflects the distribution of energies released in the decay of the new ms isomer. Three peaks at energies around 65, 205, and 290 keV are visible in this spectrum. Based on the experience gained in the study of the decay of the ms isomer in 129 Cd [7] we interpret these peaks as originating from the detection of conversion electrons corresponding to the partially converted 69, 203, 238, and 309 keV transitions. As discussed in detail in our previous work, in some cases the X rays following the emission of the internal conversion electrons escape detection leading to shifts in the position of the peaks observed in the Si energy spectrum. Furthermore the energy calibration of the individual strips of the Si detectors, which has been performed using Compton scattering of the 1173 and 1333 keV γ rays emitted from a 60 Co calibration source, is less reliable in the low-energy regime. The 69 keV (10 + ) → (8 + ) E2 transition has an internal conversion coefficient of α(69 keV) = 5.9 and thus proceeds in 85% of all cases via the emission of a conversion electron (CE). However, the detection of this CE is strongly suppressed by the thresholds of the individual Si strips which in the current experiment scatter in the range 50-150 keV. Consequently only a small fraction of all 69 keV CEs, roughly one-tenth, is detected.
The sum of the newly observed 203 and 1060 keV γ rays is equal to the energy of another new transition, namely the one with 1263 keV. This observation suggests that the former two transitions form a cascade parallel to the 1263 keV γ ray. In this case the multipolarity of the 203 keV γ ray can be assumed to be rather low, most probably M1, which would imply a conversion coefficient of α(203 keV) = 0.066 for this transition. The peak areas observed in Fig. 2b ) seem to indicate a larger conversion coefficient for the 309 keV transition and thus multipolarity E3 or higher. In the case of E3 the conversion coefficient would be α(309 keV) = 0.111. The higher multipolarity of the 309 keV transition suggests that this transition is the primary isomeric decay leading to a tentative decay sequence for the new ms isomer at an excitation energy of 4286 keV as sketched in Fig. 2c ). An indirect isomer expected on the basis of the experimental trigger conditions to the experimentally observed ones. This comparison, which is summarized in Table 1 and discussed in detail in the Appendix, shows that the proposed decay sequence is in full agreement with the experimental observations. In the following we will compare the excited states of 128 Cd shown in Fig. 2c ) to two different SM calculations. The first, named NA-0 in the following, employs a two-body effective interaction derived from the CD-Bonn nucleon-nucleon potential renormalized by way of the V low−k approach [17] . Specifically, the interaction is constructed by assuming 132 Sn as closed core and considering the full N = 50-82 major shell for neutrons (i.e. the 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 and 0h 11/2 orbitals) and the Z = 28-50 shell for protons (i.e. the 0 f 5/2 , 1p 3/2 , 1p 1/2 and 0g 9/2 orbits). The neutron single-particle energies (SPE) were taken from Ref. [18] , while for the protons energies of 0.365 (1p 1/2 ) and 1.353 MeV (1p 3/2 ) relative to the 0g 9/2 orbital were employed [19, 20] . For the experimentally still unknown energy of the 0 f 5/2 proton orbital a value of 2.6 MeV relative to 0g 9/2 was adopted. Note that these calculations are similar to the ones presented for 128 Cd in Refs. [21, 22] in which, however, slightly different SPE have been employed. This and all following calculations were performed with the code OXBASH [23] . An inspection of Fig. 3 shows that with the NA-0 interaction the 2 + , 4 + , and 6 + states are calculated too high in energy. This is particularly true for the 2 + state, whose anomalously low excitation energy was traced back in Ref. [24] to special characteristics of the Cd isotopes which favour prolate configurations close to the N = 82 shell closure. Furthermore, the 15 − level is positioned above the 13 − and 14 − states and consequently the experimentally observed isomeric character of this state is not reproduced by the NA-0 calculations. In our recent studies of several neutronrich Cd and In isotopes a modified interaction named NA-14 was proposed which was shown to cure some of the shortcomings of NA-0 and to provide a consistent description of 46 ≤ Z ≤ 50, N ≤ 82 nuclei [7, [25] [26] [27] . The modifications concerned the pairing and multipole parts of the interaction, in particular the ππ pairing was reduced to 88% and the νν and πν multipoles were increased by factors of 1.6 and 1.5 in the dominant configurations ν(0h
and ν(0h 11/2 )π (0g 9/2 ). As shown in Fig. 3 , the calculations employing NA-14 describe much better the level sequence up to the (10 + ) isomer and also reproduce the isomeric character of the 15 − state. However, in contrast to the NA-0 calculations, they exhibit a clear overbinding of all states above the 10 + isomer and in addition the experimental E2/M1 branching ratio of roughly 40/60% for the decay of the (12 + ) state is badly reproduced by the NA-14 calculations (84/16%). As a last comment on Fig. 3 , we would like to point out that a 18 + E6 spin-gap isomer is robustly predicted by both calculations and its observation therefore remains a challenge for future experiments. As mentioned in the introduction, recently the decay of a (21/2 + ) γ -decaying ms isomer with the dominant π(0g
11/2 ) configuration was observed in the neighbouring nucleus 129 Cd [7] and interpreted as stretched coupling between the neutron hole in the 0h 11/2 orbit and the 5 − proton state in semi-magic 130 Cd. One obvious possibility would therefore be that the (15 − ) state in 128 Cd is formed by the analogous fully aligned π(0g
11/2 ) configuration (in the following abbreviated π5 − ν10 + ). As illustrated in Fig. 4 ray, t γ , and the energy deposition in the Si detector, t decay , for the two Si energy gates, I and I I, indicated in Fig. 2b ) and either the γ rays above or below the (10 + ) isomer. Clearly the γ rays with 203, 309, 1060, and 1263 keV are emitted before the detection of a 69 keV CE in the Si detector (compare Fig. 5a )), while they are emitted in prompt coincidence with the 309 keV CE (see Fig. 5b) ).
For the 238, 440, 538, 646, and 785 keV γ rays observed in the decay of the (10 + ) isomer, on the other hand, the time distribution with respect to the 69 keV CE nicely reflects the 270(7) ns half-life of the (5 − ) state. Finally, Fig. 5d) shows that besides the short-lived component observed in Fig. 5c ), the γ rays below the (10 + ) isomer are also observed microseconds after the detection of an energy around 290 keV in the Si detector. This latter contribution stems from the 309 keV CE and reflects the half-life of T 1/2 = 3.56(6) μs of the (10 + ) state. Note that the time range for the γ -ray detection before the Si trigger is in the present experiment limited to about 4 μs. Therefore the observed intensities of the γ rays above the (10 + ) state are reduced by roughly a factor of two whenever the CE of a transition below this state triggers the data acquisition. Combining all these pieces of information with respect to trigger probabilities and time constraints the expected intensities of the γ rays observed in Fig. 1 can now be estimated. The results of this estimate are compared to the experimentally determined values in Table 1 . A good general agreement is observed providing indirect support for the assumptions made concerning the multipolarities of the 203 keV (M1) and 309 keV (E3) transitions.
